Previous research has demonstrated pervasive deficits in response-related processing in people with schizophrenia (PSZ). The present study used behavioral measures and event-related potentials (ERPs) to test the hypothesis that schizophrenia involves specific impairment in the ability to exert control over response-related processing. Twenty-two PSZ and 22 matched control participants completed a choice response task in counterbalanced testing sessions that emphasized only accuracy (the unspeeded condition) or emphasized speed and accuracy equally (the speeded condition). Control participants successfully modulated behavioral and ERP indices of response-related processing under speed pressure, as evidenced by faster and less variable reaction times (RTs) and an earlier onset and increased amplitude lateralized readiness potential (LRP). By contrast, PSZ were unable to improve RT speed or variability or to modulate the LRP under speed pressure, despite showing a decrease in accuracy. Notably, response-related deficits in PSZ emerged only in the speeded condition; behavioral and ERP measures did not differ between groups in the unspeeded condition. Together, these results indicate that impairment in the ability to exert control over response-related processing may underlie response-related deficits in schizophrenia. Figure 4. Response-locked grand average ERP difference waveforms (contralateral-minus-ipsilateral) collapsed across the C3 and C4 electrode sites. The top panel shows data from the speeded and unspeeded conditions overlaid separately for controls (left) and people with schizophrenia (right). The bottom panel shows data from people with schizophrenia and controls overlaid separately for the speeded (left) and unspeeded (right) conditions.
Introduction
Psychomotor disturbances in people with schizophrenia (PSZ) have long been documented in both clinical and research settings. Although these deficits are less dramatic than some of the other features of schizophrenia, such as hallucinations and delusions, these deficits are a core feature of the disorder. In laboratory tasks, deficits in psychomotor functioning in PSZ are most commonly evidenced by pronounced increases in reaction time (RT) in a variety of paradigms, including both simple and choice response tasks (Nuechterlein 1977) . In addition, these deficits occur across a range of sensory input modalities (e.g., auditory and visual) and response output modalities (e.g., manual and vocal; Woodward et al. 2013) .
Recently, event-related potentials (ERPs) have been combined with behavioral measures to determine the locus of psychomotor slowing in schizophrenia. Whereas behavior provides a single output measure summed across many distinct stages of processing, the millisecond-level resolution of the ERP technique allows changes in individual processing stages to be isolated and quantified. ERP studies have shown that simple visual perception and categorization (as assessed with the P3 wave) are not slowed in PSZ compared with control participants, at least in simple task conditions. By contrast, ERP studies examining the lateralized readiness potential (LRP), an index of response-related processes, have revealed a specific impairment in PSZ in the selection and preparation of an appropriate behavioral response (Mathalon et al. 2002; Karayanidis et al. 2006; Kieffaber et al. 2007; Luck et al. 2009; Kappenman et al. 2012) . The goal of the present study is to begin answering the question of why this stage of response processing is impaired in PSZ.
The LRP is typically observed in choice response tasks in which participants make a left-hand response for one stimulus and a right-hand response for another stimulus. The preparation of the response leads to a negative-going potential over the motor cortex contralateral to the responding hand (see Smulders and Miller 2012 for a review), and activity related to motor preparation is isolated from the rest of the brain's activity by taking advantage of the contralateral organization of motor cortex. That is, by subtracting the activity over the ipsilateral cortex from the activity over the contralateral cortex, the nonlateralized brain activity is subtracted out, leaving only the activity related to preparation of the response (see Smulders & Miller 2012 for a more detailed description of the isolation of the LRP). The LRP has been shown to arise at least in part from motor cortex (Coles 1989; De Jong et al. 1990 ) and typically begins 100-200 ms prior to the execution of the response, providing an index of preparatory processes that precede response execution.
The LRP can be measured in 2 distinct ways-time-locked to the presentation of the stimulus or time-locked to the execution of the response-each providing unique information about response-related processing. In the stimulus-locked LRP, the amount of time needed to determine which response is appropriate for the stimulus and begin preparing the response is reflected by the amount of time between the presentation of the stimulus and the onset of the LRP (the stimulus → LRP interval). The amount of variability in the stimulus → LRP interval influences the amplitude of the stimulus-locked LRP, with greater variability leading to a broader waveform with a smaller peak amplitude in the average waveform. In the response-locked LRP, the amount of time needed to complete response execution after the response has been selected is reflected by the amount of time between the onset of the LRP and the execution of the response (the LRP → response interval). Greater variability in the LRP → response interval decreases the size of the average response-locked LRP. By looking at both stimulus-locked and response-locked LRP waveforms, it is possible to test specific hypotheses about how the single-trial LRP waveform varies across groups or conditions. For example, an increase in variability in the stimulus → LRP interval without any change in the LRP → response interval will lead to a reduced stimulus-locked LRP amplitude without any change in the response-locked LRP amplitude. By contrast, a reduction in the magnitude of the single-trial LRP signal will lead to reduced amplitudes in both the stimulus-locked and response-locked averages.
Previous studies of the LRP in PSZ found smaller stimuluslocked LRPs in PSZ compared with control participants across a range of tasks (Mathalon et al. 2002; Karayanidis et al. 2006; Kieffaber et al. 2007; Luck et al. 2009; Kappenman et al. 2012) . A few of these studies also examined the amount of time between the presentation of the stimulus and the onset of the LRP (the stimulus → LRP interval). These studies found significant delays in the onset time of the LRP in PSZ compared with controls in a range of conditions (Karayanidis et al. 2006; Luck et al. 2009; Kappenman et al. 2012) . Indeed, the LRP was delayed by as much as 75 ms and decreased in amplitude by as much as 50% under some task conditions. These differences in the amplitude and onset latency of the LRP in PSZ were observed in tasks involving little competition between response options-for example, pressing a left button for the word "Left"-indicating that abnormalities in the LRP in PSZ are not the result of difficulty resolving conflict between response alternatives (Kappenman et al. 2012 ).
Examinations of the LRP time-locked to the response have yielded mixed results. Some studies have found smaller LRPs in PSZ compared with controls (Mathalon et al. 2002; Luck et al. 2009 ), whereas other studies have found no decrease in the size of the response-locked LRP in PSZ (Karayanidis et al. 2006; Kieffaber et al. 2007; Kappenman et al. 2012) . In other words, equating for variability in RT between groups by time-locking to the response eliminated amplitude differences in responserelated processes in PSZ, but only in some tasks and conditions. Analyses of the time between the LRP and the response have also yielded mixed results, with PSZ showing increases in the LRP → response interval compared with controls in some tasks (evidenced by an earlier onset latency of the LRP in PSZ in averages time-locked to the response; Kappenman et al. 2012, Experiment 1; Karayanidis et al. 2006) , whereas other tasks found no significant difference between PSZ and controls (Kieffaber et al. 2007; Luck et al. 2009 ). It is unclear whether these mixed results reflect an improvement in response execution time in PSZ under some task conditions, or whether some studies lacked sufficient power on this measure to detect differences between PSZ and controls. Indeed, it is difficult to compare ERP onset latencies across conditions that differ substantially in amplitude (Luck 2014) , as in many previous studies of the LRP in PSZ.
Although it is now clear that PSZ have response-related deficits that are indexed by the LRP, it is not yet known what specific impairment underlies these deficits. One possibility is that PSZ have a dysfunction in basic motor processes, resulting in difficulty activating a motor response. Indeed, PSZ exhibit a range of motor abnormalities, including impairments in facial expressions, eye movement control, dyskinesias, motor stereotypies, parkinsonism, and delayed motor development (Meehl 1989; Caligiuri et al. 1993; Jones et al. 1994; Puri et al. 1999; Walker et al. 1999; Mittal et al. 2008) . Another possibility is that response-related deficits in PSZ are a consequence of deficits in exerting control over response-related processing. Previous studies demonstrated marked impairments in PSZ in a variety of control processes (Kerns et al. 2008; Luck and Gold 2008; Phillips and Silverstein 2013) , which could result in a failure to appropriately set the parameters that determine the operation of motor cortex.
The goal of the present study was to distinguish between these 2 classes of explanations for impaired response-related processing in schizophrenia. To do this, we performed a simple manipulation of speed pressure. Speed pressure significantly decreases RTs in healthy individuals and has been shown to influence the LRP, shortening the LRP → response interval (Osman et al. 2000; van der Lubbe et al. 2001) or both the stimulus → LRP and LRP → response intervals (Rinkenauer et al. 2004) , depending on the specific task and variant of speed pressure used. RT improvements under speed pressure are related to increased baseline BOLD activity in many areas important for motor processing, including premotor areas of frontal cortex (Forstmann et al. 2008; Ivanoff et al. 2008; Van Veen et al. 2008; van Maanen et al. 2011 ). If PSZ exhibit deficits in response-related processing because of impairment in the generation or implementation of control signals, then they should be selectively impaired at modulating response-related processing under speeded conditions, in which control signals are necessary to boost performance. By contrast, if the basic response activation circuitry is impaired in PSZ, then response-related deficits should be observed regardless of the need for control signals.
In the present study, we measured performance in 2 separate testing conditions: a condition that emphasized only accuracy (the unspeeded condition) and a condition that emphasized both speed and accuracy (the speeded condition). We predicted that control participants would show decreased and less variable RTs, decreased LRP → response intervals, and possibly decreased stimulus → LRP intervals under speed pressure. Given the importance of control signals in improved RTs under speed pressure (Forstmann et al. 2008; Ivanoff et al. 2008; Van Veen et al. 2008; van Maanen et al. 2011 ) and previous findings that PSZ exhibit impairments in control in a variety of tasks (Lesh et al. 2010; Phillips and Silverstein 2013) , we predicted that PSZ would be selectively impaired at modulating the LRP and RT under speed pressure. This would indicate that at least some of the psychomotor impairments observed in this disorder reflect impairments in the generation or implementation of control signals rather than impairments in basic motor circuitry. Furthermore, by examining both stimulus-locked and response-locked LRPs, we were able to determine whether any differences between groups were related to response selection and preparation, response execution, or both processes. Given that the majority of LRP studies in PSZ have primarily found deficits in the stimulus-locked LRP, we predicted that differences between PSZ and controls would be most evident in ERPs time-locked to the stimulus, reflecting difficulty in selecting and preparing a response.
Methods

Participants
Twenty-five PSZ and 23 control participants were tested. In our group's ERP studies of psychiatric patients, we always exclude participants who exhibit EEG artifacts on >50% of trials. Three PSZ and 1 control participant were eliminated for this reason, yielding a final sample of 22 participants per group. The following descriptions reflect this final sample.
PSZ were recruited from the University of California, Davis Early Diagnosis and Preventive Treatment (EDAPT) clinic and through community flyers. PSZ were studied during a period of relative clinical stability as indicated by clinical observation and stability of pharmacological treatment, with no change in medication type or dosage for a minimum of 4 weeks prior to study. All PSZ met American Psychiatric Association (2000) diagnostic criteria for schizophrenia (N = 19) or schizoaffective disorder (N = 3). A consensus diagnosis was established with a best-estimate approach in which information from a Structured Clinical Interview for DSM Disorders (SCID; First et al. 2002) was supplemented with information from past medical records and from clinicians who have had contact with the individual. This information is typically presented at a diagnostic meeting with clinicians and social workers involved with the EDAPT clinic. Symptom ratings for the PSZ are shown in Table 1 . Eighteen PSZ were receiving atypical antipsychotic medications, 1 PSZ was receiving typical antipsychotic medication, and the remaining 3 PSZ were not receiving antipsychotic medications at the time of testing.
Control participants were recruited through a combination of word of mouth and newspaper advertisements. All controls were screened using the SCID and denied a lifetime history of psychosis, any active Axis I disorder, and recent substance abuse (within 6 months of testing). All participants denied a lifetime history of significant neurological conditions and were excluded if they reported any first-degree relatives with a psychotic disorder.
The demographic features of the groups are shown in Table 1 . The groups were of similar age, race, and gender, but differed in completed years of education (t (42) = 4.10, P < 0.001), an expected finding given that the onset of schizophrenia generally occurs in early adulthood and interferes with subsequent education. There was no significant difference between groups in parental years of education (t (42) = 0.028, P = 0.977).
Note that both the PSZ and the controls were relatively young (mean age in each group ca. 25 years of age; see Table 1 ), which reflects the nature of the clinic from which they were recruited. This is advantageous, because it minimizes any differences between groups that might result from extended disease duration.
Stimuli and Task
An example trial sequence is presented in Figure 1 . The stimuli were black @ and $ characters each measuring 1.6 × 1.6°of visual angle, presented at the center of a liquid crystal display video monitor. The monitor was viewed at a distance of approximately 70 cm and had a light gray background and a continuously visible fixation cross. Each stimulus was presented for 200 ms, followed by a blank interstimulus interval of 1300-1700 ms (rectangular distribution).
Participants made left-hand and right-hand button presses to the symbols using a gamepad. To avoid the build-up of automatic responding, the stimulus-response mapping switched every 20 trials. Instructions about the stimulus-response mapping were provided each time the response mapping changed. Participants completed the task in 2 separate sessions. In one session, they performed a "speeded" condition in which they were instructed to "be as fast and accurate as you can." In another session, they performed an "unspeeded" condition in which they were instructed to "be as accurate as you can." The sessions were conducted on separate days, and the order of conditions was counterbalanced across participants. Each session included a practice block of 40 trials, followed by a total of 400 experimental trials. A 30-s rest break was provided every 100 trials, and a longer ( participant-determined) break was provided after 200 trials. The instructions emphasizing the speed and/or accuracy of responses were repeated at 4 separate points in each session: during the task instructions at the beginning of the session, at the beginning of the practice block, at the beginning of the experiment block, and half way through the experiment block (e.g., after 200 experimental trials).
Recording and Data Processing Procedures
The EEG was recorded from Ag/AgCl electrodes mounted in an elastic cap using a subset of the International 10/20 System sites (FP1, FP2, F3, F4, F7, F8, FC1, FC2, FC5, FC6, C3, C4, T3, T4, CP1, CP2, CP5, CP6, P3, P4, T5, T6, O1, O2, AFz, Fz, Cz, Pz, POz, and left mastoid). The signals were recorded using a right mastoid reference electrode, and the signals were re-referenced offline to the average of the left and right mastoids (Nunez 1981; Luck 2014) . The horizontal electrooculogram (EOG) was recorded as the voltage between electrodes placed lateral to the external canthi and was used to measure horizontal eye movements. The vertical EOG was recorded from an electrode beneath the left eye and was used to detect blinks and vertical eye movements. Impedances were kept below 15 kΩ. The EEG and EOG were amplified by a Neuroscan Synamps amplifier with a gain of 2010 and a bandpass of 0.05-100 Hz (half-amplitude cutoff, with a roll-off of −12 dB/octave), and they were digitized at 500 Hz. Signal processing and analysis were performed in Matlab using EEGLAB toolbox (Delorme and Makeig 2004) and ERPLAB toolbox (Lopez-Calderon and Luck 2014). All signal processing procedures were performed by an author who was blind to the group membership of the participants (E.S.K.). Portions of EEG containing large muscle artifacts or extreme offsets (identified by visual inspection) were removed. The average percentage of trials removed for artifacts was 8.2% for controls and 13.8% for PSZ in the unspeeded condition, and 12.1% for controls and 14.2% for PSZ in the speeded condition. Independent component analysis (ICA) was performed on the continuous data for each subject to identify and remove components associated with eyeblink activity (Jung et al. 2000) . We also analyzed the data solely using artifact rejection, without any ICA correction, and the results were comparable with those presented here.
The ICA-corrected EEG data were segmented into 1000-ms epochs using a baseline of −200 to 0 ms for stimulus-locked averages and −800 to −600 ms for response-locked averages and averaged separately for each condition. Trials with incorrect behavioral responses, responses during stimulus presentation, and responses longer than 1200 ms (relative to stimulus onset) were excluded from all analyses. To isolate the LRP in each participant, we first created separate ERP waveforms for the hemisphere that was contralateral to the response and the hemisphere that was ipsilateral to the response. We then created a contralateral-minus-ipsilateral difference waveform, averaged across left-and right-hand responses. This was done separately for the speeded and unspeeded conditions. LRP amplitude and latency were measured from the resulting difference waves. The LRP has a very focused scalp distribution and was therefore measured only at the lateral central sites (C3 and C4).
ERP Measurement
LRP amplitudes were measured as the mean amplitude in a given measurement window (see time windows in Table 2 ) relative to the baseline voltage specified above. The onset latency of the LRP was measured as the time point at which the voltage reached 50% of the peak amplitude. Because latency measures can be highly sensitive to high-frequency noise, a low-pass filter was applied prior to the latency measures (noncausal Butterworth impulse response function, half-amplitude cutoff of 15 Hz, roll-off of −12 dB/octave). All measurements were obtained from both stimulus-locked and response-locked averages. Measurement windows were chosen by visual examination of the data collapsed across conditions, participants, and groups. This procedure allows time windows to be chosen without introducing bias based on the timing of the experimental effects of interest (which are not present in the collapsed average; Luck 2014).
Statistical Analysis Procedures
Repeated-measures analysis of variance (ANOVA) and t tests were used with a 2-tailed alpha level of .05 for all statistical tests, and probability values were adjusted when appropriate with the Greenhouse-Geisser epsilon correction for nonsphericity (Jennings and Wood 1976) . The repeated-measures analyses of behavioral data and LRP measures included a betweensubjects factor of group (PSZ vs. controls) and a within-subjects factor of condition (speeded vs. unspeeded).
Results
Behavior
Behavioral performance was quantified as median RT on correct trials, RT variability (standard deviation of RT) on correct trials, and percent correct. Group means for these variables are shown in Table 3 , along with a summary of the statistical analyses (values will be given in the text only for tests not listed in the tables). Figure 2 shows RT probability distributions aggregated across the participants in each group. Data from the speeded and unspeeded conditions are overlaid separately for each group in the top panel of Figure 2 . The speed instructions had a strong impact on the distribution of RTs in control participants, with an increased proportion of early RTs and reduced variance in the speeded condition compared with the unspeeded condition. By contrast, the speed instructions had no visible impact on the RT distributions in PSZ. The same data are shown in the bottom panel of Figure 2 , but with PSZ and control participants overlaid separately for each condition. In the unspeeded condition, the distributions were highly similar for PSZ and control participants.
By contrast, control participants showed an increase in shortlatency RTs and less RT variability than PSZ in the speeded condition. 
It is complicated to statistically compare RT distributions, so our statistical analyses of RT focused on median RT and RT variability. For median RT, the pattern of results shown in the RT distributions led to a significant group × condition interaction, along with a significant main effect of condition. Planned followup t-tests indicated that controls were significantly faster in the speeded condition than in the unspeeded condition (t (21) = 5.04, P < 0.001, Cohen's d = 1.075), whereas RTs for PSZ were nearly identical in the speeded and unspeeded conditions (t (21) = 0.237, P = 0.816, Cohen's d = 0.051). In addition, PSZ were significantly slowed compared with controls in the speeded condition (t (42) = 2.63, P = 0.012, Cohen's d = 0.813) but not in the unspeeded condition (t (42) = 0.360, P = 0.721, Cohen's d = 0.111). Thus, PSZ were unable to decrease their RTs under speed pressure, whereas controls exhibited a 31-ms reduction in RT in the speeded condition.
Like median RT, RT variability was decreased in the speeded condition compared with the unspeeded condition in controls but not in PSZ, although the group × condition interaction was only marginally significant (P = 0.056; see Table 3 ). In addition, the overall difference between the speeded and unspeeded conditions was significant. Planned follow-up t-tests indicated that RTs were significantly less variable in the speeded condition compared with the unspeeded condition in controls (t (21) = 9.84, P = 0.005, Cohen's d = 2.098) but not in PSZ (t (21) = 0.100, P = 0.755, Cohen's d = 0.021). There were no significant differences in RT variability between PSZ and controls for either the speeded (t (42) = 1.45, P = 0.155, Cohen's d = 0.446) or the unspeeded condition (t (42) = 0.087, P = 0.931, Cohen's d = 0.027).
Response accuracy was high in both groups (see Table 3 ). Both PSZ and controls exhibited a small reduction in accuracy in the speeded condition compared with the unspeeded condition, leading to a significant main effect of condition. This is exactly what would be expected from a speed-accuracy tradeoff. The difference in accuracy between the speeded and unspeeded conditions was numerically larger in PSZ (a 3.2% reduction) than in controls (a 1.1% reduction), but the group × condition interaction did not reach significance. Planned follow-up t-tests indicated that the reduction in accuracy in the speeded compared with the unspeeded condition was significant for PSZ (t (21) = 2.66, P = 0.015, Cohen's d = 0.567) but not for controls (t (21) = 1.16, P = 0.260, Cohen's d = 0.247). The finding of a significant reduction in accuracy in the speeded compared with the unspeeded condition in PSZ provides important evidence that PSZ made an effort to modulate performance in response to task instructions. Thus, the lack of a difference in RT between the speeded and unspeeded conditions in PSZ cannot be explained by a lack of understanding or motivation to follow the speed instructions. Additional pairwise tests showed that accuracy in the speeded condition was marginally significantly lower in PSZ compared with controls (t (42) = 2.00, P = 0.053, Cohen's d = 0.616), with no significant difference between groups in the unspeeded condition (t (42) = 0.874, P = 0.387, Cohen's d = 0.270).
ERP Waveforms
Contralateral-minus-ipsilateral grand average difference waves are shown in Figure 3 (stimulus-locked) and Figure 4 (responselocked) . The top panel of each figure shows the speeded and unspeeded conditions overlaid separately for controls and PSZ to facilitate evaluation of the effect of speed pressure in each group. The same data are depicted in the bottom panel, with PSZ and control waveforms overlaid separately for each condition to facilitate the comparison between groups. LRP measures and statistics are summarized in Table 3 . Figure 3 shows that the LRP was larger in the speeded condition than in the unspeeded condition in control participants, especially during the early portion of the LRP time range. However, there was no hint of this in PSZ; indeed, the unspeeded LRP was slightly larger than the speeded LRP in PSZ. Similarly, Figure 3 shows that the stimulus-locked LRP was larger in the controls than in PSZ in the speeded condition, especially in the early portion of the LRP time range, with little or no difference between groups in the unspeeded condition. These observations were supported by a significant group × condition interaction in an analysis of LRP amplitude. Planned follow-up t tests showed that LRP amplitude was significantly increased in the speeded condition compared with the unspeeded condition in control participants (t (21) = 2.42, P = 0.025, Cohen's d = 0.516), but not in PSZ (t (21) = 0.989, P = 0.334, Cohen's d = 0.211). Although the mean LRP amplitude was numerically larger in controls than in PSZ in the speeded condition, pairwise t-tests did not yield a significant difference in either the speeded condition (t (42) = 1.48, P = 0.146, Cohen's d = 0.457) or the unspeeded condition (t (42) = 0.221, P = 0.826, Cohen's d = 0.068). Thus, the clear finding here was that controls exhibited a larger effect of speed pressure than PSZ.
Stimulus-locked LRP
As shown in Figure 3 , the LRP voltage increased more rapidly following stimulus onset for the speeded condition than for the unspeeded condition in control participants but not in PSZ. This led to a significant group × condition interaction for stimulus-locked LRP onset latency (which reflects the stimulus → LRP interval). The main effect of group was also significant, but this was driven almost entirely by group differences in the speeded condition (see Table 3 ). Planned follow-up t-tests showed that LRP onset latency decreased in the speeded condition compared with the unspeeded condition in controls (t (21) = 3.82, P = 0.001, Cohen's d = 0.814), but not in PSZ (t (21) = 1.65, P = 0.113, Cohen's d = 0.352). Similarly, LRP onset latency was delayed in PSZ relative to controls in the speeded condition (t (42) = 3.83, P < 0.001, Cohen's d = 1.181) but not in the unspeeded condition (t (42) = 0.331, P = 0.742, Cohen's d = 0.102).
These differences in the stimulus-locked LRP indicate that controls were able to use the task instructions to modulate the speed at which they selected and prepared a response following a stimulus, whereas PSZ were not.
Response-Locked LRP
Although the response-locked LRP amplitude was slightly reduced in PSZ compared with controls in both the speeded and unspeeded conditions (see Fig. 4 ), there were no significant main effects or interactions (see Table 3 ). Planned follow-up analyses showed no difference between PSZ and controls in the speeded (t (42) = 1.673, P = 0.102, Cohen's d = 0.516) or unspeeded condition (t (42) = 0.866, P = 0.391, Cohen's d = 0.267). In addition, the amplitude of the response-locked LRP was not modulated by speed pressure in the controls (t (21) = 0.282, P = 0.781, Cohen's d = 0.060) or in PSZ (t (21) = 1.27, P = 0.219, Cohen's d = 0.271).
The amount of time between the onset of the LRP and the execution of the response (the LRP → response interval) was decreased in the speeded condition compared with the unspeeded condition in both groups, leading to a significant main effect of condition. Planned follow-up t-tests indicated that the reduction in the LRP → response interval in the speeded condition compared with the unspeeded condition was significant in controls (t (21) = 2.14, P = 0.044, Cohen's d = 0.456) but did not reach significance in PSZ (t (21) = 1.68, P = 0.107, Cohen's d = 0.358). However, the effect was approximately 12 ms for both groups, so the fact that the P-value was below 0.05 for controls and above 0.05 for PSZ should not be taken as evidence that the effect was larger for controls than for PSZ. In addition, pairwise comparisons of PSZ and controls yielded no significant difference in the LRP → response interval for either the speeded condition (t (42) = 0.301, P = 0.765, Cohen's d = 0.093) or the unspeeded condition (t (42) = 0.224, P = 0.824, Cohen's d = 0.069).
The lack of group differences in the response-locked LRP waveforms suggests that the single-trial LRP was not reduced in PSZ and, additionally, that PSZ were not impaired at executing a response once the LRP had been generated. This further supports the hypothesis that the group differences observed in the stimulus-locked data from the speeded condition reflect an inability of PSZ to modulate the speed at which a response is selected and prepared.
ERP-RT Correlations
Correlations between RT and the LRP were computed separately for PSZ and controls to determine within-group relationships. Note that only stimulus-locked LRP measures were used, because ERP measures and RT are necessarily related in averages that are time-locked to the response. For controls, median RT was significantly positively correlated with the onset latency of the LRP in the unspeeded condition (r(22) = 0.678, P = 0.001). However, this correlation was weaker and nonsignificant in the speeded condition (r(22) = 0.213, P = 0.341), which may reflect a compression of range in the speeded condition. For PSZ, median RT was positively correlated with the onset latency of the LRP in both the unspeeded condition (r(22) = 0.456, P = 0.033) and the speeded condition (r(22) = 0.726, P < 0.001), illustrating that longer LRP onset latencies were associated with longer RTs in both conditions. None of the correlations between LRP amplitude and median RT reached significance for either group.
Discussion
The present study examined behavioral and ERP indices of response-related processing in PSZ and matched control participants in separate testing sessions that emphasized the accuracy of responses (the unspeeded condition) or emphasized both the speed and accuracy of responses (the speeded condition). If basic motor processes are impaired in schizophrenia, then PSZ should exhibit slowed RTs and impaired LRPs independent of speed pressure. Alternatively, if schizophrenia involves impaired generation or implementation of control signals, then PSZ should be specifically impaired at modulating response-related processes according to task demands.
Consistent with the latter hypothesis, we found that PSZ were unable to modulate RTs or LRP measures in the speeded condition relative to the unspeeded condition. By contrast, controls exhibited faster RTs, reduced RT variability, increased stimulus-locked LRP amplitudes, and decreased stimulus → LRP latencies in the speeded condition compared with the unspeeded condition. Significant group × condition interactions were found for all of these variables. Moreover, there was no hint of substantial RT or LRP differences between PSZ and controls in the unspeeded condition, but several significant group differences were observed in the speeded condition. These results provide strong evidence of an impairment in control rather than an impairment in intrinsic motor processing. A broadly analogous pattern of results was obtained in a recent study, in which control participants but not PSZ exhibited an increase in LRP amplitude when the response was associated with auditory feedback (Ford et al. 2014 ).
In the present study, significant differences in the LRP between PSZ and controls were found only in the stimulus-locked averages, indicating that response selection and preparation processes (and not response execution processes) were selectively impacted by failure to exert control in PSZ in the present study. This included both delayed onset of response selection and preparation (as evidenced by an increased stimulus → LRP interval) and increased variability in the timing of response selection and preparation (as evidenced by decreased stimulus-locked LRP amplitude in the absence of decreased response-locked LRP amplitude).
It is important to ask whether the failure of PSZ to improve response processing in the speeded condition in the present study might reflect a lack of motivation to improve speed or a failure to understand the instructions. This is unlikely, because PSZ were significantly less accurate in the speeded condition than in the unspeeded condition. Decreased accuracy is a common side effect of speed pressure (the well-known speed-accuracy tradeoff ), and decreased accuracy in the speeded condition in PSZ provides direct evidence that PSZ made an effort to modulate performance along the speed-accuracy curve in response to speed pressure in the present study. This effect was statistically indistinguishable in PSZ and controls (and was numerically larger in PSZ than in controls). Thus, although PSZ were unable to improve RT or modulate LRP measures under speed pressure, the decreased accuracy in the speeded condition indicated both an understanding of the task demands and a motivation to improve performance in accordance with task instructions.
A number of studies have investigated the neural basis of improved response processing under speed pressure (Forstmann et al. 2008; Ivanoff et al. 2008; Van Veen et al. 2008; van Maanen et al. 2011; Heitz and Schall 2012) . In general, these studies indicate that speeded responding is related to an overall increase in baseline activity, in contrast to a change in the threshold for making a response. fMRI studies have identified a frontostriatal network associated with speeded responding, including modulation of activity in pre-supplementary motor area ( pre-SMA). In addition, these modulations in baseline activity have been related to top-down signals from prefrontal cortex (Van Veen et al. 2008) , indicating that prefrontal control may underlie improvements under speed pressure. Together, these results suggest that the impairments in response-related processing observed in the present study are a consequence of dysfunctional control. Although the present study cannot address the precise source of impaired control, dysfunction in control mechanisms -including maintaining the context for responding, required for speeded performance in the present study-have been implicated widely as a source of impaired performance across multiple domains in schizophrenia, including a deficit in top-down cognitive control (Lesh et al. 2010 ) and a deficit in context-sensitive gain control (Phillips and Silverstein 2013). These deficits have been linked to reduced engagement of dorsolateral prefrontal cortex and associated functional connectivity in task-related networks in fMRI studies (Yoon et al. 2008; Minzenberg et al. 2009; Fornito et al. 2013) .
Although the results of the present study indicate that deficits in control may underlie response-related impairments in PSZ in some contexts, they do not rule out the possibility that basic motor processes are also dysfunctional. Indeed, RT slowing in schizophrenia has been documented in a range of tasks and modalities across decades of research, and a unitary deficit in control may not be able to explain all of these findings. It is also important to note that the present study involved a somewhat modest amount of speed pressure, and it is possible that a stronger incentive to exert control might yield a different pattern of results. Nonetheless, the present results provide clear evidence of an impairment in the generation or implementation of control signals, at least under some conditions.
In studies of schizophrenia, it is always necessary to ask whether the use of antipsychotic medications may be driving the results. Although it is impossible to conclusively exclude the influence of medication without studying medication-naïve individuals, the results of the present study seem unlikely to be caused by medication use. Specifically, PSZ performed as well as controls in the unspeeded condition, indicating that the influence of medication on the dopamine system did not cause a general degradation in response-related (or other) processes in the present sample. Moreover, although dopamine has been hypothesized to play a role in modulating response thresholds in speed-accuracy tradeoffs (Lo and Wang 2006) , direct administration of bromocriptine (a dopamine receptor agonist) has been shown to have no effect on performance under speed or accuracy emphasis (Winkel et al. 2012 ). In addition, the PSZ in the present study were relatively young (mean age ca. 25 years of age), and were therefore less progressed in disease duration and medication use compared with many samples of PSZ studied in the literature. However, it is important for future research to examine unmedicated, first-episode, and prodromal patients to fully determine whether medication or disease duration influence the relationship between response-related deficits and control.
